High-resolution numerical experiments are diagnosed to study the integral effects of geostrophic eddy fluxes on the large-scale ocean circulation. Three characteristic large-scale flows are considered: 1) an anticyclonic single gyre, 2) a double gyre, and 3) an unblocked zonal flow, a simple analog of the Antarctic Circumpolar Current. It is found that buoyancy and potential vorticity budgets in the presence of eddies are dominated by a balance between vertical advection into the control volume by Ekman pumping and eddy transfer across the density surfaces achieved by diapycnal eddy fluxes, with small-scale mixing making only a minor contribution. Possible oceanographic implications of the results are discussed.
Introduction
In this paper we discuss the role of time-dependent geostrophic eddy motions in the buoyancy and potential vorticity budgets diagnosed from numerical models of large-scale ocean flows. The ocean is full of energetic eddies that, as suggested by the numerical experiments herein, may be very effective in balancing global buoyancy and potential vorticity budgets. The possible role of eddies in this manner has been discussed in highly idealized laboratory and numerical studies by Marshall et al. (2002) , Karsten et al. (2002) , and Radko and Marshall (2003) -see also the discussion in Hughes (2002) . Radko and Marshall (2003) considered an idealized abstraction of a subtrobical ocean gyre: the equilibration of a warm-pumped lens on a ␤ plane. By construction, geostrophic eddies play a central role in the volume budget of the lens: warm fluid pumped down from the surface is fluxed away laterally by geostrophic eddies formed as a result of the baroclinic instability of a large-scale current in the region of western intensification.
Here we consider more complex and perhaps more realistic configurations in which the downward flux of buoyancy from the Ekman layer could either be balanced by eddies, explicit dissipation, or by advective fluxes. Three-dimensional eddy-resolving numerical experiments of ocean gyres are diagnosed to quantify the roles of eddy buoyancy, momentum, and potential vorticity transfer. While many previous eddy-resolving studies have focused on the properties of isopycnal eddy transfer and especially on the ability of eddies to mix potential vorticity (PV) or layer thickness (see, e.g., Drijfhout and Hazeleger 2001) , in this paper we examine the role of eddies in balancing global buoyancy and potential vorticity budgets.
While eddies are often assumed to be largely adiabatic in the interior (e.g., Gent and McWilliams 1990) , both theoretical reasoning and numerical simulation suggest that eddies have strong diabatic effects, particularly in near-surface frontal regions. Presence of the ocean surface tends to suppress the vertical component of the eddy fluxes (in standard notation) and thereby forcwЈbЈ es eddy fluxes to become nearly horizontal in regions where eddies ''feel'' the surface. As a result, eddy fluxes become directed across the isopycnals, resulting in significant diapycnal volume fluxes. We show here that these eddy-induced diapycnal fluxes may play a central role in balancing the downward Ekman flux of buoyancy and potential vorticity into the main thermocline.
Discussion in this paper is based on the diagnostics of idealized ocean models, which include a single gyre, a double gyre, and an unblocked zonal flow (in sections 2, 3, and 4, respectively). In each case we find that diapycnal eddy-induced fluxes play a dominant role in the buoyancy budget, with explicit diffusion making only a minor contribution. Likewise, we find that the global PV budget comprises, at leading order, a balance between downward potential vorticity flux due to Ekman pumping and lateral eddy transfer. Although the buoyancy and potential vorticity of a fluid particle can only be modified by small-scale dissipative processes, the dominance of the eddy transfer over explicit diffusion in the global time-mean budgets suggests that eddies facilitate irreversible transfer of properties in the cascade of vorticity and buoyancy to small scales.
Nondimensional parameters controlling dynamics of the time-mean flow in the numerical experiment. They are the Rossby number R o , the aspect ratio of the domain R, Peclet numbers for the vertical (Pe ) and horizontal (Pe h ) diffusion, Ekman numbers for the vertical (E ) and horizontal (E h ) viscosity, and a measure of the ␤ effect (␤). Note that U ϭ ͙(gЈW e )/ f 0 , and 
Preliminary calculations: Single-gyre experiment
The first type of flow studied is an idealized model of a subtropical gyre. Computations are made using the Massachusetts Institute of Technology general circulation model (MITgcm; Marshall et al. 1997a,b) in a rectangular box on whose walls normal flow is set to zero. A linear, one component (temperature) equation of state is used. Fluid is set in motion by applying a zonal wind stress that corresponds to the sinusoidal Ekman pumping velocity:
vanishing at the northern and southern boundaries of the basin. The initially unstratified fluid is also thermally forced by applying a uniform surface heat flux over a circular region in the western part of the basin; this results in a pattern of heat flux from the Ekman layer into the thermocline that is qualitatively similar to that observed in the North Atlantic subtropical gyre (e.g., Marshall et al. 1993, their Fig. 13 ). The governing equations are nondimensionalized using the zonal extent of the basin (L), the value of the Coriolis parameter at the basin center ( f 0 ), the (positive) maximum amplitude of the Ekman pumping (W e ), and the maximum value of buoyancy (gЈ). The corresponding scale of the horizontal velocity is U ϭ , and
scale. The structure of the resulting nondimensional equations indicates that the dynamics of the time-mean flow is governed by the set of nondimensional parameters listed, using conventional notation, in Table 1 . The values of the key parameters used in the single-gyre experiment in Table 1 are close to those employed in Radko and Marshall (2003) and in Marshall et al. (2002) . These numbers describe a relatively small basin (L ഠ 35R d ), and other control parameters are correspondingly rescaled relative to typical oceanic values. For the dimensional oceanic scales of f 0 ϳ 10 Ϫ4 s Ϫ1 , L ϳ 2 ϫ 10 6 m, W e ϳ 50 m yr Ϫ1 , and gЈ ϳ 10 Ϫ2 m s Ϫ2 , the employed uniform vertical diffusivity is equivalent to k ϭ W e H/Pe ϳ 10 Ϫ5 m 2 s Ϫ1 , which is consistent with the values suggested by microstructure and tracer release measurements in the main thermocline (e.g., Ledwell et al. 1993) . The chosen depth of the basin exceeds the (anticipated) thermocline depth by a factor of 5, so as to roughly approximate the situation in oceanic gyres. Flow is discretized on a uniform mesh with 150 ϫ 100 ϫ 40 elements, and the Ekman layer is resolved by three grid points. A no-stress condition is employed at the lateral boundaries, and a no-slip condition is used at the bottom. Since the baroclinic radius of deformation (R d ) in the resulting solutions is much smaller than the scale of the flow (L ϭ 1.5L y ϳ 35R d ), the mean flow is baroclinically unstable. At the same time, R d is reasonably well resolved by our numerical grid, which makes it possible to adequately represent baroclinic instability and the resulting geostrophic eddy field.
The model was initialized from rest with water of uniform temperature. After a few rotation periods a mechanically driven barotropic circulation was established. However, the time scale associated with the setup and equilibration of the baroclinic flow is much larger [ϳ10 4 /(2) rotation periods]. Figure 1a shows a typical instantaneous temperature field for a fully developed quasi-equilibrated eddying gyre. Baroclinic instability manifests itself in the continuous formation of irregular eddies that carry warm fluid laterally across the sloping isopycnals. A quasi-steady state is achieved when the rate of the diapycnal buoyancy transport by eddies becomes equal to the buoyancy flux at the surface, as discussed for the case of the warm-pumped lens on the ␤ plane in Radko and Marshall (2003) . It should be noted that because of the absence of a balancing heat sink in this single-gyre circulation, we can only reach a quasi-steady equilibrium. However, this undesirable feature has no significant dynamical consequences in our model since the overall temperature increase over the duration of the experiment is much less than its spatial variation.
The time-mean temperature field in Fig. 1b is markedly different from the irregular and disorganized instantaneous picture in Fig. 1a ; the circulation pattern in Fig. 1b consists of a Sverdrup-type interior flow bounded on the west by a narrow intensification region. The vertical cross section in Fig. 1c reveals the nature of the dynamical questions raised in the introduction. Ekman pumping drives buoyant (large b), stratified (high PV) fluid down into the main thermocline. The existence of a steady state demands that, for each time-mean isotherm, the influx of PV and buoyancy from the Ekman layer is balanced by the cross-layer fluxes. Our goal is to identify the origin of these diapycnal fluxes and quantify their role in balancing the buoyancy and PV budgets. 
a. Time-mean equations
In order to analyze the balances that occur in the statistically steady numerical solutions considered herein, the governing equations are written for time-mean quantities thus: 
The overbars denote a time average at a fixed point in space, and primes pertain to the eddy fields.
b. Buoyancy
The discussion of the buoyancy dynamics is phrased in terms of the cross-isopycnal volume flux w* ϭ (D ϩ B)/b z ; this measure of the strength of the diapycnal transfer was employed in Radko and Marshall (2003) and is discussed in the appendix [see (A3)]. The first question to be addressed is whether w* in our calculations is dominated by eddies or by numerical diffusion, explicit or implicit.
1 Consider a control volume (V T ) bounded by the base of the Ekman layer on top and by one of the time-mean isotherms (T s ) from below. The rate of pumping of the incompressible fluid into this To be specific, we now return to the mean flow in Figs. 1b,c and consider the isotherm whose temperature is T s ϭ 0.5(T max ϩ T min ); T max and T min are, respectively, the maximum and minimum temperature at the base of the Ekman layer. When the expression in (4) is diagnosed from the direct numerical simulations, we find that
Thus, the explicit diffusivity, representing small-scale processes in the model, accounts for only a fraction of the cross-isopycnal buoyancy flux for the median isotherm T s ; values of ␣ are even higher for the more shallow isotherms. This is a key result of our study. Diagnostics based on this integral measure (␣) will be used to quantify the role of eddies in each of our model configurations (sections 3 and 4). It is shown in the appendix that ␣ → 1 can only be realized if the eddies have a diapycnal component, that is, if · ١b 0. vЈbЈ The above diagnostics revealed the significance of eddy transfer in balancing the buoyancy and volume budgets. We now wish to determine whether the same holds for the balances involving potential vorticity, which is directly connected to the circulation dynamics (e.g., Rhines 1993).
c. Potential vorticity
To quantify the integral contribution of eddies in balancing the vorticity continuously imparted by winds, we use the integral form of the large-scale potential vorticity equation derived in the appendix [(A13)]:
is the large-scale potential vorticity, and
represent the components of the advective variation in the potential vorticity from the eddy momentum and buoyancy transfer, respectively. The rectangular control volume (Fig. A1 ) for which we apply (5) is slightly (␦ ϭ L/50) separated from the boundaries of the basin to exclude the thin sublayers that are controlled by explicit diffusivity and viscosity. The ''other terms'' thus include diffusive and viscous effects in the interior and lateral fluxes into sublayers near the vertical boundaries. The balance of the various terms in (5) is shown in a histogram in Fig. 2 . We see that the surface forcing is essentially balanced by the eddy buoyancy transfer term (D p ). Note that the other terms account for just a fraction of the total PV budget. The momentum transfer (M p ) is also rather weak and, furthermore, acts to increase the PV. Since the control volume (see Fig. A1 ) is large enough to include all the major features of the circulation, the PV budget in Fig.  2 can be used, we argue, as an objective integral measure of the significance of diabatic factors affecting the dynamics of the flow in the gyre interior.
Inspection of the spatial (x, y) distribution (not shown) of the vertically integrated M p and D p terms in (5) indicates that the momentum and buoyancy transfer effects are mostly limited to the northwest corner of the basin. This feature is consistent with oceanic observations that show enhanced eddy activity in the vicinity of the strong western boundary currents. The localized nature of eddy effects justifies use of ideal thermocline models as a zero-order description of the ocean interior in the presence of eddies.
Calculations discussed in this section demonstrated that eddy transfer of buoyancy plays a consistently dominant role in several important balances involving the potential vorticity and buoyancy dynamics of the singlegyre circulation. We now turn to a more complicated and, perhaps, more realistic system consisting of two symmetric gyres. In addition to the eddy effects represented in the single-gyre model, the dynamical balances of the double-gyre system can also be affected by the advective intergyre flows (e.g., Chen and Dewar 1993).
Double-gyre experiment
We now consider a double-gyre system forced by a zonal wind stress [ ϭ ϪW e f cos(2y/L y )L y /(2)], which corresponds to the antisymmetric Ekman velocity, w ϭ ϪW sin(2y/L ), e e y negative over the southern half of the rectangular basin (0 Ͻ y Ͻ L y /2) and positive over the northern half (L y /2 Ͻ y Ͻ L y ). 2 The fluid is also thermally forced by slowly, on a time scale of 10 4 f Ϫ1 , relaxing the surface temperature in the subtropical (subpolar) gyre to the uniform temperature T S (T N ) except for a thin (L y /20) intergyre region where relaxation is not applied. The chosen difference in the target temperatures ⌬T ϭ T S Ϫ T N ϭ 10ЊC is such that the first baroclinic radius of deformation in the resulting flow is considerably less than the basin scale but resolved in the numerical solutions, thus permitting capture of baroclinic instability and ensuing eddy transfer.
The fluid was spun up from a state of rest and uniform temperature (T N ). The general features of the flow evolution are similar to those observed in the single-gyre experiment (section 2). First the barotropic circulation is set up by the wind, followed by creation of a buoyant pool in the southern half of the basin by thermal forcing. The thermal front at the intersection of the gyres soon becomes baroclinically unstable, generating irregular eddies as shown in the horizontal temperature cross section in Fig. 3a . Since there is no net input of vorticity and heat into the basin, the flow eventually reaches a true statistical equilibrium: the corresponding timemean temperature field is plotted in Fig. 3b . One of the striking features of the solution in Fig. 3b is a very sharp and well-defined thermal front, which separates from the western boundary at the point y ϭ y s somewhat to the south of the zero Ekman pumping line. Such behavior may be associated with the Parsons (1969) effect, which attributes Gulf Stream separation to a balance between Ekman and geostrophic meridional volume transports.
a. Buoyancy budget
To assess the role of eddies in maintenance of the subtropical thermocline, we computed, as in section 2, the partitioning of the diapycnal fluxes between eddy driven and diffusive processes for the median isotherm T s ϭ 0.5(T max ϩ T min ) shown in Fig. 4a . As before, T min (T max ) is the minimum (maximum) temperature at the base of the Ekman layer, and was obtained by inw* total tegrating the Ekman flux over the surface area bounded by the outcrop (see Fig. 4 ). We find a flux ratio of w* eddies ␣ ϭ ϭ0.87, 1/ 2 w* total which reveals the central role of eddies in establishing an equilibrium and maintenance of the model thermocline. Maps of on the isopycnals (e.g., Fig. 4b ) w* eddies reveal the localized nature of eddy transport that is greatly enhanced in the vicinity of the swift and energetic time-mean current separating subpolar and subtropical gyres. The normalized cross-isopycnal eddy flux ␣ has also been computed for other isopycnal surfaces; for those that intersect the lateral boundaries, it becomes necessary to include the advective fluxes from the thin lateral sublayers. Figure 5 plots ␣ as a function of T s and clearly indicates that the primary balance is between Ekman pumping of warm water into the subtropical thermocline and eddy-induced diapycnal flux across isopycnals, with vertical diffusion playing a significantly lesser role for all mean density surfaces.
The results in Fig. 5 should be contrasted with more conventional measures of eddy transfer. For example, the basin-averaged meridional eddy heat flux ͗ ͘ac-ЈTЈ counts for only 25% of the total meridional heat flux ͗T ϩ ͘ in the experiment in Figs. 3 and 4. Such ЈTЈ a moderate role of eddies in the direct meridional heat transport is consistent with the results of other eddyresolving numerical simulations focused on the partitioning of the meridional fluxes in the Atlantic and Pacific basins, summarized in a review article by Bryan (1996) . Our results, however, emphasize a different aspect of eddy transfer. We suggest that a fundamental role of eddies, and an important large-scale consequence, is related to their ability to induce diapycnal fluxes, essential to the maintenance of the thermocline.
b. Potential vorticity budget
Consider the PV budget of the subtropical gyre in the double-gyre model. We employ a rectangular control volume V ϭ (x 1 , x 2 ) ϫ (y 1 , y 2 ) ϫ (z 1 , z 2 ), which is slightly separated from the rigid boundaries to avoid consideration of the thin sublayers governed by explicit VOLUME 34 dissipation. The northern boundary is placed at the separation point of the boundary current in Fig. 3b : y 2 ϭ y s . Thus, in addition to eddy transfer, the integral potential vorticity budget [(A13)] is now affected by mean advection of the PV through the northern boundary of the control volume, given by ## Q dx dz.
Components of the PV budget have been diagnosed from the direct numerical simulation and plotted in Fig.  6a . These integral characteristics indicate that, although there is significant advection of potential vorticity out of the control volume V by the mean field, the eddyinduced transfer (D p term) makes a more significant contribution. Comparison of the momentum and buoyancy eddy transfer terms in Fig. 6a shows that the dynamical influence of the former process is almost negligible (as in the single-gyre model).
Potential vorticity diagnostics have also been applied to a different control volume V T , defined as a water mass below the Ekman layer whose temperature exceeds the average T 2 ϭ 0.5(T max ϩ T min )-this is the isopycnal shown in Fig. 4a . The result for this control volume,
shows that the buoyancy transfer mechanism is the most efficient in modifying the large-scale potential vorticity.
The spatial (x, y) distribution of the vertically integrated PV sources and sinks # M p dz and # D p dz is shown in Fig. 7 . It is interesting to note that, although the average value of the Reynolds stress term (M p ) in the thermocline is much less than the corresponding buoyancy transfer term (D p ), as (6) indicates, the maximum amplitudes of # M p dz and # D p dz are comparable (these are plotted in Fig. 7 using the same contour interval). Thus, locally, the Reynolds stress terms may have important dynamical consequences. An important question arises at this point as to why the momentum transport plays only a secondary role in the PV balance. This can be rationalized by a simple order-of-magnitude estimate of D p and M p terms, which yields, assuming the geostrophic scaling,
where U local , L local , and R olocal are the local scales for the time-mean velocity, spatial scales, and Rossby number. This scaling argument is certainly relevant for singleand double-gyre models, as well as for the following zonal jet experiment. Because the ratio of the two effects is proportional to the local Rossby number (not to be confused with its nominal value in Table 1 ), in the integral PV budgets the relevant Rossby number should be based on the scales in the western intensification zone since that is the location of the most intense eddy shedding. Although the Rossby number in the western intensification zone is nonnegligible, its numerical value is still significantly less than unity (ϳ0.1), which explains the observed balance in Figs. 2 and 6a .
Circumpolar current experiments
The final example considered is a model of the Antarctic Circumpolar Current (ACC). The absence of zonal land barriers results in the distinct dynamical features that have no direct counterpart in gyre circulation, and the reader is referred to a review by Rintoul et al. (2001) for a comprehensive discussion of the ACC dynamics. In this section we revisit a highly idealized model of the Antarctic Circumpolar Current studied by Karsten et al. (2002) . The setup used is shown in the schematic diagram Fig. 8 . A cylinder of fluid is forced at the surface by an azimuthal wind stress and heated/cooled from above. One of the significant limitations of this model is related to the use of the f -plane approximationlatitudinal variation of the Coriolis parameter is ignored at this level of analysis. The buoyancy forcing (see that no net buoyancy is added to the fluid. The experiment was spun up from rest beginning with water of uniform temperature. The reader is referred to Karsten et al. (2002) for details of the experimental setup. The numerical data in Karsten et al. (2002) are now used to examine the mechanism of the interaction between the eddies and the mean field and the location of the significant eddy induced effects, as inferred from sources and sinks of the large-scale PV.
The mean flow in the exterior region ( R Ͻ r Ͻ R),
where the water is heated and pumped down, is markedly different from that in the central area where water is cooled (see Fig. 6 in Karsten et al. 2002) . Stratification (and hence PV) is much higher below the heating zone, implying a finite net flux of mean-field PV from the Ekman layer into the interior. Thus, in a steady state, there must be a balancing sink of PV outside of the Ekman layer. In order to understand what causes such an internal loss of PV we apply the integral form of the PV equation [(A11)] to the control volume outside of the top and bottom Ekman layers. Diagnostics of Karsten's numerical simulations lead to the integral PV budget in Fig. 6b . Again, the dominant balance is between the PV flux at the base of the Ekman layer and the eddy transfer in the interior. The Reynolds stress term M p is not shown in Fig. 6b since it turned out to be two orders of magnitude less than the D term. Such a minor role of the Reynolds stress in ACC dynamics can be rationalized from the estimate in (7). Unlike the gyre problems, which are characterized by the presence of intense inertial western boundary currents with significant [O(0.1)] Rossby number, the ACC flow is much more homogeneous, and the Rossby number is uniformly low (R olocal Շ 10 Ϫ3 ). As a result, as follows from (7), the momentum transfer is far less significant in the ACC model than it is for the gyres.
The spatial distribution of the internal sinks of PV is shown in Fig. 9 . In this figure we took advantage of the VOLUME 34 the region where large convergence of the advective downward fluxes of PV has to be balanced by eddyinduced circulation, which tends to mix the high PV fluid in the equatorward (large r) part of the basin with the cold, low-PV fluid in the polar (small r) regions.
Conclusions and discussion
In this paper we have examined the role of eddies in the buoyancy and potential vorticity budgets of eddying large-scale flows. Three different oceanic scenarios have been considered that include single-and double-gyre ␤-plane flows and a circumpolar f -plane current. In each case we diagnosed eddy-resolving numerical simulations and determined the key processes affecting the mean buoyancy and potential vorticity budgets. Although the specific balances that quantify the evolution of the mean buoyancy and PV budgets differ from case to case, as summarized in Table 2 , some features appear to be robust and are not model dependent. In particular, in all cases the downward flux of buoyancy and PV from the Ekman layer into the main thermocline is largely balanced by eddy buoyancy transfer (second and fourth columns in Table 2 ).
The dominance of eddy transfer in the integral buoyancy and PV budgets (Table 2) can be attributed to the diabatic component of eddy transfer (see the appendix for further discussion). While eddies may be largely adiabatic in the interior, proximity of the surface tends to suppress the vertical component of motion, forcing the eddies to transfer buoyancy across isopycnals in the upper ocean. This localized diabatic effect results in diapycnal volume fluxes (w*), which are sufficient to balance the Ekman pumping into the main thermocline. This is in contrast to the study of, for example, McWilliams et al. (1996) who parameterized eddies with an adiabatic scheme and found that the input of buoyancy was mostly balanced by an interior diffusive flux. Instead, the resolved eddies in our experiments are essential in warm water budgets, dominating the parameterized microstructure contributions.
In summary, based on our analysis of eddy-resolving idealized models, we find that 1) the direct effect of small-scale diffusion on the timemean fields is much less than that of eddy transfer, at least in the global buoyancy and PV budgets for the upper layers; 2) the dynamically significant eddy fluxes are localized to frontal regions, the western intensification zones of oceanic gyres and circumpolar jets; and 3) the integral contribution of eddies to the large-scale PV budget is associated with the eddy buoyancy transfer (w* effect), rather than Reynolds stress. 
[ ] ‫ץ‬x ‫ץ‬y Equation (A1) is further simplified using the expression for the isopycnal slope in z coordinates:
